Statins have broad-reaching effects beyond lowering plasma lipids, including antitumor properties. Results: Simvastatin inhibits proliferation and induces calcium-dependent apoptosis of human uterine leiomyoma cells. Conclusion: We report a novel calcium-mediated pathway associated with antitumor properties of simvastatin. Significance: Simvastatin may have antitumor properties significant for the treatment of human uterine leiomyomas.
Statins are HMG-CoA reductase inhibitors that block an early step of the mevalonate pathway of cholesterol synthesis. They have been used for many years for treatment of hypercholesterolemia. In addition, statins have been demonstrated to have profound and broad-reaching effects on certain types of tissues beyond their well known properties as lipid-lowering drugs (1, 2) . These include effects on endothelial cell function, oxidative stress, angiogenesis, anti-inflammatory and antiallergic actions, and effects on cellular proliferation (3) (4) (5) . The effects of statins on proliferation are cell type-specific. Although they induce proliferation in certain cell types, e.g. endothelial progenitor cells (6) , they inhibit proliferation of vascular smooth muscle cells, hepatocytes, and other cell types (7) (8) (9) (10) . Tumors whose growth have been shown to be inhibited by statins include breast cancer (9, 11) , ovarian cancer (12, 13) , prostate cancer (14) , colon cancer (15) leukemia (16) , and, more recently, certain variants of lung cancer (17) .
The mechanisms by which statins inhibit tumor growth are incompletely understood. Multiple mechanisms have been proposed, including blocking protein geranylgeranylation (18) , activation of the mitochondrial pathway of apoptosis (16, 19) , arrest of cell cycle progression, and inhibition of invasion through modulating RhoA-dependent signaling pathways (20) . Although the effects of statins on certain tumors have been demonstrated to depend on HMG-CoA reductase expression (13) , they have been found to be independent of HMG-CoA reductase in other cell types (21) .
Uterine leiomyomas (fibroids and myomas) are the most common tumors of the female reproductive tract (22) . Uterine fibroids are characterized by smooth muscle proliferation and excessive extracellular matrix deposition. Although several complex cellular and molecular signaling network abnormalities have been described as initiators and promoters in the development and growth of leiomyomas (23) , their exact etiology is not well understood. In fact, multiple genetic, familial, sex steroid, and growth factor abnormalities have been associated with the development of uterine leiomyomas (24 -26) .
Here we report, for the first time, that simvastatin (a semisynthetic lipophilic HMG-CoA reductase inhibitor) inhibits the proliferation of human leiomyoma cells. In addition, we demonstrate that this antiproliferative effect is associated with modulation of ERK1/2 signaling and alterations in cell cycle progression. Moreover, we demonstrate that simvastatin induces apoptosis in human leiomyoma cells. Intracellular calcium chelation completely inhibited apoptosis induced by simvastatin. Mechanistically, activation of L-type voltage-gated calcium channels likely mediates calcium-dependent apoptosis induced by simvastatin. Therefore, we identified a novel calcium-dependent pathway by which simvastatin induces apoptosis in tumor cells.
EXPERIMENTAL PROCEDURES
Materials-Simvastatin was purchased from Cayman Chemicals (Ann Arbor, MI). It was dissolved in dimethyl sulfoxide (DMSO) purchased from Sigma-Aldrich (St. Louis, MO). Stock solution (10 mM) was prepared and kept at Ϫ20°C until use. The final concentration of DMSO in culture medium was Յ0.1% v/v. Complete protease inhibitor mixture without EGTA was purchased from Roche Applied Science. Z-DEVD-R110 used for the caspase-3 assay was purchased from American Peptide Co. (Sunnyvale, CA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 3 reagent was purchased from Calbiochem (Darmstadt, Germany). Collagenase and deoxyribonuclease I (used for primary cell isolation), propidium iodide, ribonuclease A (used for cell cycle analysis), the non-selective voltage-gated calcium channel blockers mibefradil and SKF96365 and the specific T-type voltage-gated calcium channel blocker NNC 55-0396 were purchased from Sigma-Aldrich (St. Louis, MO). The specific L-type voltagegated calcium channel blocker nimodipine was purchased from Cayman Chemicals. Fura-2/AM and 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) were purchased from Molecular Probes and Invitrogen, respectively. U-73122, a cell-permeable, isotype non-selective phospholipase C inhibitor, was purchased from MP Biomedicals (Solon, OH). Xestospongin C, a cell-permeable, potent blocker of inositol 1,4,5-trisphosphate (IP 3 )-mediated calcium release, was purchased from EMD Millipore Corp. (Billerica, MA). Cells were treated with U-73122, xestospongin C, mibefradil, SKF96365, nimodipine, and NNC 55-0396 for 30 min before simvastatin treatment.
Antibodies-Monoclonal anti-human smooth muscle actin was purchased from Dako (Glostrup, Denmark). Alexa Fluorlabeled secondary antibody was purchased from Invitrogen. Monoclonal anti-ERK1/2, anti-phospho-ERK1/2, anti-proliferating cell nuclear antigen, and anti-Bim antibodies were purchased from Cell Signaling Technology (Danvers, MA). Anti-␣-tubulin antibody and anti-␤-actin, used as a loading control, were purchased from Abcam (Cambridge, MA) and Thermo-Fisher Scientific (Rockford, IL), respectively. Rabbit polyclonal anti-pan ␣1 voltage-gated calcium channels (L-type) was purchased from Millipore Corp. Rabbit polyclonal anti-voltagegated calcium channels (T-type) CACNA1G antibody was purchased from Novus Biologicals (Littleton, CO).
Immortalized and Primary Cells-The immortalized human leiomyoma cell line (HuLM) was a gift from Dr. Salama A. Salama (Baylor College of Medicine, Houston, TX). In this cell line, human leiomyoma cells obtained from a patient after surgery were immortalized using a retroviral vector carrying human telomerase reverse transcriptase (27) . Cells were con-firmed to maintain expression of molecular markers of human leiomyoma cells, including estrogen and progesterone receptors and smooth muscle actin (27) . HuLM cells were cultured and maintained in smooth muscle basal medium containing 5% FBS, 0.1% insulin, 0.2% basic human fibroblast growth factor, 0.1% gentamicin/amphotericin B, and 0.1% human epidermal growth factor, all purchased from Lonza (Walkersville, MD). Cells were incubated in a 5% CO 2 atmosphere at 37°C and split when 70 -80% confluent. Primary non-pregnant human leiomyoma and myometrial cells were obtained from patients undergoing a hysterectomy for symptomatic uterine fibroids at the University of Texas Medical Branch John Sealy Hospital (Galveston, TX). The study protocol was reviewed and approved by the institutional review board at the University of Texas Medical Branch. Primary leiomyoma cells and primary myometrial cells were isolated using a modification of a protocol described previously (28) . In brief, tissues were obtained immediately at surgical excision. After washing in cold sterile DPBS solution without calcium or magnesium (Sigma-Aldrich), tissues were mechanically minced into approximately 1-mm pieces. Next they were agitated at 37°C for 4 h in sterile Hanks' buffered salt solution without phenol, calcium, or magnesium (Sigma-Aldrich) to which collagenase and deoxyribonuclease I were added. The medium was subsequently filtered through a 70-m filter and cultured in DMEM/F-12 Ham 1:1 mixture (Sigma-Aldrich) supplemented with HEPES, pyridoxine, L-glutamine, 10% FBS, and 1% penicillin/streptomycin (v/v). The medium was changed on a daily basis. Cells were split when 70 -80% confluent and used without further passaging to maintain the differentiated phenotype.
Immunocytochemistry-Immunocytochemistry was performed using a modification of a method described previously (29) . In brief, cells were seeded on poly-L-lysine-coated coverslips. After reaching 70 -90% confluence, the medium was aspirated, and cells were washed with 1ϫ PBS solution. Slides were then fixed using a 4% paraformaldehyde solution, followed by quenching with 30 mM glycine and permeabilization with 0.25% Triton X-100 in 1% BSA solution. The slides were blocked with 2% BSA and stained with monoclonal anti-human smooth muscle actin followed by Alexa Fluor 594-labeled secondary antibody. Finally, the slides were exposed to DAPI nuclear stain and mounted. Images were acquired on a Nikon Eclipse TE2000-U epifluorescent inverted light microscope using a ϫ40 oil immersion objective (SuperFluor, Nikon). QED Capture software, part of QED Imaging Solutions (Media Cybernetics, Inc., Rockville, MD) was used for image acquisition.
MTT Assay-An MTT assay was used to monitor cellular proliferation. HuLM cells were seeded into 96-well plates. Cells were treated with medium containing 0, 0.1, 0.5, 1, 5, and 10 M simvastatin, and the MTT assay was performed as described previously (30) . We chose to investigate doses of simvastatin ranging from 0.1-10 M. This decision was made on the basis of dosages currently used to treat hypercholesterolemia (up to 1 mg/kg body weight/day), which is associated with peak serum levels of ϳ0.3 M (31, 32). The maximum tolerated dose of simvastatin in humans has been found to be 15 mg/kg body weight/day (33) , therefore providing the rationale of simvastatin concentrations of 0.1-10 M.
Cell Cycle Analysis-Cells were plated in medium containing serum and growth factors. The next day, the medium was changed, and the cells were kept overnight in serum-free, growth factor-free medium for cell cycle synchronization. Thereafter, the cells were treated for 3 h with simvastatin in serum-free, growth factor-free medium before replacing the medium with various simvastatin concentrations in serum-and growth factor-replete medium. After 48 h, cells were collected, and cell cycle analysis was performed as described previously (34) , with some modifications. In brief, the cells were fixed and permeabilized by adding cold absolute acetone-free methanol while vortexing. Cells were saved in cold methanol until flow cytometric analysis (less than 7 days). Prior to flow cytometry, the cells were centrifuged, resuspended in a solution containing propidium iodide and ribonuclease A, and incubated in the dark for 30 min. Flow cytometry was performed using a BD FACSCanto II flow cytometer (BD Biosciences) using the FL2 parameter with an excitation wavelength at 488 nm and emission at 670 nm. Data were collected using FACSDiva software (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR). Gating was used to exclude cell aggregates. Thereafter, cell cycle analysis was performed, and the percentage of cells in each cell cycle phase was calculated. In addition, the pre-G 0 /G 1 (apoptotic) cell population was calculated.
Cell Death Analysis-Propidium iodide staining for the quantification of cell death was performed as described previously (35) . The percentage of propidium iodide-positive cells was counted in a blinded manner. Caspase-3 activity was measured using a quantitative fluorometric assay as described previously (36) .
Cytosolic Calcium Imaging-HuLM cells were seeded onto coverslips in 6-well plates. Thereafter, cells were treated with 0.1 M simvastatin as well as DMSO (control). After 24 h, resting cytosolic calcium levels were quantified using Fura-2/AM. In brief, the medium was replaced with imaging solution (107 mM NaCl, 7.25 mM KCl, 20 mM HEPES, 2.5 mM MgCl 2 , and 11.5 mM glucose (pH 7.2)) containing 2.5 M Fura-2/AM for 20 min at room temperature while protected from light. Next, the solution was aspirated, replaced with imaging solution without Fura-2/AM, and incubated for another 20 min at room temperature protected from light. Coverslips were then examined under ϫ40 oil immersion using a Nikon Eclipse TE2000 epifluorescence inverted microscope. Images were captured (340 and 380 nm excitation, 510 nm emission) and transferred to personal computer using MetaFluor imaging software (Molecular Devices). Five fields on each coverslip were chosen randomly, and cytoplasmic regions of interest in all cells in the field were quantified. This was repeated two more times for a total of three separate experiments comprising hundreds of cells. The ratiometric data were converted to calcium concentrations by utilizing a calcium calibration buffer kit (Molecular Probes, Eugene OR). The data in Fig. 4A are represented as a histogram to better appreciate the heterogeneity in the cytoplasmic calcium. To measure calcium release kinetics continuously during the first 5 h of simvastatin exposure, we used the genetically encoded calcium indicator protein GCaMP6s (37) . The expression plasmid driving the expression of GCaMP6s off of a CMV promoter was provided by Dr. Douglas Kim (HHMI Janelia Farm) and obtained through Addgene (plasmid 40753). The HuLM cells were transfected with Lipofectamine 3000 and imaged after 48 -72 h. Fluorescence was monitored by excitation at 480 nm and emission at 510 nm. Cells were imaged at 37°C in growth medium. Images were taken every 30 s for 5 h. For each experiment, ϳ10 -20 cells could be imaged simultaneously. After acquiring baseline calcium measurements, cells were treated with vehicle, 0.1 M, 1 M or 10 M simvastatin. Each experiment was repeated 3 times with essentially identical results. The data in Fig. 4 , D-G, are a representative experiment showing the calcium responses in all cells on a single coverslip. The number of cells responding to simvastatin treatment with a calcium transient during recording was quantified and expressed as percent responders in Fig. 4H . A response was defined as a transient calcium release event of amplitude at least 0.1 normalized fluorescence units.
Mitochondrial Calcium Imaging-Mitochondrial calcium was measured by loading the cells with 1 M Rhod-2/AM for 30 min at 37°C in imaging solution. Cells were imaged by excitation at 565 nm and monitoring emission at 610 nm. At least five fields on each coverslip were chosen randomly, and mitochondrial regions of interest in all cells in the field were quantified. This was repeated two more times for a total of three separate experiments from which the data were pooled.
Mitochondrial Membrane Potential-Mitochondrial membrane potential was measured using the cationic dye JC-1 (Invitrogen/Molecular Probes). This dye is red in polarized mitochondria and green in depolarized mitochondria. Cells were loaded with 10 g/ml JC-1 for 10 min at 37°C. Red and green emissions were monitored simultaneously by excitation at 480 nm and emission at 620 and 525 nm. The ratio of red: green was used as a measure of mitochondrial membrane potential, with a drop in this ratio indicative of depolarization. As in Rhod-2 imaging, five fields on each coverslip were chosen randomly, and mitochondrial regions of interest in all cells in the field were quantified. This was repeated two more times for a total of three separate experiments from which the data were pooled.
Intracellular Calcium Chelation-Cells were seeded into 6-well plates. Thereafter, three wells were loaded with BAPTA-AM at 1, 10, and 20 M concentrations. After 30 min, the medium was changed to BAPTA-AM-free medium and treated with simvastatin (10 M). In addition, three more wells were treated with DMSO (control), BAPTA-AM (10 M) without simvastatin, and simvastatin (10 M) without BAPTA-AM. Forty-eight hours later, the morphologic appearance of cells was observed and recorded. Thereafter, cells were harvested, cell lysates were obtained, and a caspase-3 activity assay was performed as described previously (36) .
Statistical Analysis-Experiments were performed in triplicates and repeated independently at least three times. Whenever applicable, data are presented as mean Ϯ S.E., and Student's t test was used for statistical analysis. Results were considered statistically significant when p Ͻ 0.05. We used SigmaPlot software (Systat Software Inc., San Jose, CA) for statistical analysis. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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RESULTS
Simvastatin Inhibits the Proliferation of Leiomyoma Cells-Treatment of a human leiomyoma cell line (HuLM) (27) with simvastatin induced dose-dependent morphological changes consistent with the inhibition of cellular proliferation and induction of cell death (Fig. 1A) . Almost identical results were found with primary leiomyoma cells isolated from a patient (Fig. 1B) . We confirmed that isolated primary cells are smooth muscle-derived by performing immunocytochemistry for smooth muscle actin (38) (data not shown). To quantify the effects of simvastatin on cellular proliferation, we performed an MTT assay. Simvastatin induced dose-dependent and time-dependent inhibition of cellular proliferation (Fig. 1, C and D) . These findings are evident at concentrations as low as 100 nM, whereas doses of 1 M or more were associated with cell death. These effects were evident at 48 h and were more pronounced at 72 h of treatment (Fig. 1D ). To confirm that simvastatin inhibited cellular proliferation, we investigated protein levels of proliferating cell nuclear antigen. We found that simvastatin induced a dose-dependent decrease in proliferating cell nuclear antigen expression in HuLM cells (Fig. 1E) , confirming the results obtained by the MTT assay.
We next determined whether these effects were mediated through modulating growth factor signaling. Growth factors such as EGF, VEGF, and PDGF are known to be significant contributors to the development and growth of uterine leiomyomas (25, 26, 28, 39, 40) . To investigate the effects of simvastatin on the Ras/Raf/MEK/ERK pathway, we treated HuLM cells with different simvastatin concentrations for 48 h and monitored ERK phosphorylation. Simvastatin treatment was associated with significantly decreased ERK1/2 phosphorylation at concentrations of 1 M and higher (Fig. 1F ). Interestingly, there was a moderate increase in ERK phosphorylation at the lowest dose tested (0.1 M). However, the significance of this effect is unclear because this dose was associated with reduced proliferation (Fig. 1C) . Simvastatin increased the total amount of ERK1/2 at all concentrations, suggesting compensatory up-regulation of the kinase by the tumor cells.
Simvastatin Induces Changes in Cell Cycle Progression-To
determine the effects of simvastatin on cell cycle progression, we performed flow cytometry. Synchronized cells were treated with different concentrations of simvastatin in addition to vehicle. After 48 h, the cells were, collected and cell cycle analysis was performed. Simvastatin induced a dose-dependent decrease in the number of cells in S phase and a concomitant increase in the sub-G 0 /G 1 (apoptotic) population (Fig. 2, A-H) .
Simvastatin Induces Apoptosis of Leiomyoma Cells-We next examined whether simvastatin induces apoptotic cell death. As DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 shown in Fig. 3A , simvastatin induces a dose-dependent increase in cell death, as demonstrated by the percentage of propidium-iodide positive cells. We next examined whether simvastatin-induced cell death was apoptotic in nature by measuring caspase-3 enzymatic activity. As shown in Fig. 3B , simvastatin treatment resulted in a dose-dependent and robust increase in caspase-3 activation, which was evident at concentrations as low as 0.1 M. These results are consistent with the effects on morphology, proliferation, and cell cycle progression, suggesting that simvastatin potently induces leiomyoma cell death at therapeutically relevant concentrations.
Statins and Calcium-mediated Apoptosis in Leiomyoma Cells
Simvastatin Increases Expression of Bim-We next wanted to further elucidate the underlying mechanism of simvastatin-induced apoptosis and to examine whether it is linked to its proliferation-inhibitory effect. It is known that ERK1/2 promotes the degradation of the Bim spliceoform Bim EL (41) . Bim EL is a proapoptotic BH3-only member of the Bcl-2 family that induces apoptosis by binding to and antagonizing antiapoptotic members of the Bcl-2 family such as Bcl-2 and Bcl-xL. Bim EL expression and activity goes up following decreases in ERK/ MAPK activity and, therefore, is a cytosolic proapoptotic sensor of growth factor deprivation. Therefore, we examined the effect of simvastatin treatment on Bim EL protein levels. As shown in Fig. 3C , simvastatin treatment increases Bim EL protein levels, consistent with decreased ERK activation (Fig. 1F ) and the induction of apoptosis (Fig. 3, B and C) . The doses at which we observed increased Bim EL expression were somewhat lower than those observed for pERK ( Fig. 1F) . However, the effects of simvastatin on ERK activity and expression are complex, with even the lowest dose (0.1 M) increasing total ERK protein levels, suggesting ERK inhibition at this dose and a concomitant compensatory increase in ERK protein levels. Regardless of the mechanism, simvastatin dose-dependently increases Bim EL levels with direct implications for apoptotic signaling.
Simvastatin Induces Cytosolic Calcium Release-We next sought to further determine the mechanism by which simvastatin induces apoptosis of leiomyoma cells. Given reports that statins can affect cellular calcium homeostasis (42) and the central role of calcium in many apoptotic paradigms (36), we determined whether simvastatin-mediated apoptotic cell death is associated with engagement of the calcium signaling machinery. Treatment with 0.1 M simvastatin for 24 h increased resting cytosolic calcium in HuLM cells to an extent consistent with the activation of calcium-dependent apoptosis in other paradigms ( Fig. 4A) (43) . Chronically elevated cytosolic calcium during apoptosis, as shown in Fig. 4A , results in mitochondrial accumulation of calcium, mitochondrial depolarization, and release of proapoptotic factors. Consistent with apoptotic calcium release, we found that treatment with 0.1 M simvastatin for 24 h significantly increased mitochondrial calcium levels (Fig. 4B ) and associated mitochondrial depolarization (Fig. 4C) . Many apoptotic stimuli induce calcium release very early in the apoptotic program (minutes to hours) (44) , and this is useful to discern whether the calcium elevations are causative or a consequence of the apoptotic program (45) . To measure the effects of simvastatin early in the apoptotic program, we measured cytosolic calcium continuously for the first 5 h after simvastatin administration using the genetically encoded calcium indicator GCaMP6s (37) . Simvastatin dose-dependently increased the spiking activity of HuLM cells, consistent with apoptotic calcium release (Fig. 4, D-H) . Finally, to determine whether cytosolic calcium release is absolutely required for simvastatin-induced apoptosis, we chelated intracellular calcium by loading the cells with BAPTA-AM. Loading HuLM cells with BAPTA dramatically and dose-dependently protected HuLM cells against simvastatin-induced morphologic changes ( Fig. 4I) and prevented simvastatin-induced induction of caspase-3 activity (Fig. 4J) and cell death (Fig. 4K) . Therefore, simvastatin-in- duced cytosolic calcium elevations are required for leiomyoma cell apoptosis.
Simvastatin-induced Apoptosis Is Not Mediated by IP 3 Rs-As calcium-mediated apoptosis is most commonly associated with inositol 1,4,5-trisphosphate receptor (IP 3 R)-mediated cal-cium release from the endoplasmic reticulum (36, 44, 46, 47) , we examined the role of IP 3 R in simvastatin-induced apoptosis. We used xestospongin C, a cell membrane-permeable inhibitor of IP 3 R and the endoplasmic reticulum Ca 2ϩ ATPase (48, 49) . We found that xestospongin C did not prevent simvastatin- DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
JOURNAL OF BIOLOGICAL CHEMISTRY 35081
induced apoptosis (Fig. 5A) . To further confirm that IP 3 Rs do not contribute to simvastatin-induced cell death, we used the cell membrane-permeable phosphoinositide-specific phospholipase C inhibitor U73122 (50, 51) . We found that U73122 has no effect on simvastatin-induced apoptosis (Fig. 5B) . Therefore, the phospholipase C/IP 3 R pathway does not appear to be involved in simvastatin-induced apoptosis of HuLM cells.
Simvastatin-induced Apoptosis Requires Voltage-gated Calcium Channel Activity-We next examined whether activation of plasma membrane calcium channels contributes to simvas- tatin-induced apoptosis. Myometrial smooth muscle cells express transient receptor potential channels (52) and several classes of voltage-gated channels, including T-and L-type calcium channels (53) (54) (55) . To examine the potential contribution of these channels, we used mibefradil, a non-selective, voltagegated calcium channel blocker (56) , and SKF96365, a widely used inhibitor of transient receptor potential channels (57) which can also potently inhibit both L-and T-type calcium channels (58) . We found that pretreatment with both mibefradil and SKF96365 dose-dependently prevented simvastatininduced caspase-3 activation (Fig. 6, A and B) . Together, these results suggest that simvastatin-induced apoptosis requires the activation of L-or T-type calcium channels (or both).
Simvastatin-induced Apoptosis Requires L-type Voltagegated Calcium Channel Activity-We further sought to determine whether simvastatin-induced apoptosis requires L-or T-type channels. Treatment with the L-type selective voltagegated calcium channel blocker nimodipine potently inhibited simvastatin-induced apoptosis in a dose-dependent manner (Fig. 6C) . Treatment of cells with the T-type selective voltagegated calcium channel blocker NNC 55-0396 by itself lead to rapid detachment and death of cells, which precluded analysis.
Simvastatin Treatment Does Not Affect the Expression of L-or T-type Voltage-gated Calcium Channels-We next examined whether the effects of simvastatin are mediated through modulating the expression of L-or T-type voltage-gated calcium channels. Western blotting showed that treatment with simvastatin does not significantly affect the expression of either Lor T-type channels (Fig. 6D) . This is consistent with simvastatin increasing the activity of existing L-type calcium channels (either directly or indirectly) to increase apoptotic calcium release.
DISCUSSION
The results of this study demonstrate that simvastatin inhibits the proliferation of human uterine leiomyoma cells. In addition, we have shown that inhibition of proliferation is associated with inhibition of ERK phosphorylation, a common pathway for growth factor signaling. Furthermore, our results show that simvastatin causes cell cycle progression arrest and induces calcium-dependent apoptosis in human leiomyoma cells. We were not able to determine whether the effects of simvastatin were specific for leiomyoma cells versus normal myometrium because there are no reliable models for the culture and propagation of human myometrial smooth muscle. However, several lines of evidence suggest that statins may have specific antitumor effects in vivo. First, unlike normal myometrium, leiomyoma growth is dependent upon the autocrine production of steroids (59 -61) , which would be expected to be dramatically reduced in response to statin treatment. Second, leiomyoma growth, also unlike normal myometrium, is dependent upon continual stimulation with a variety of growth factors, such as insulin-like growth factor I (25, 26) , plateletderived growth factor (40) , and epidermal growth factor (28). This growth factor "addiction" would make the tumor more susceptible to statin-dependent inhibition of Ras/ERK/MAPK signaling. Future in vivo studies will examine these possibilities.
The antitumor effects of statins have been described in a number of neoplasms, including those of the breast, ovaries, prostate, and colon, and leukemia (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, the exact mechanism of these antitumor properties is not completely understood. In this study, we found that calcium release is absolutely required for these effects and that it is mediated by voltage-gated calcium channels. Importantly, calcium chelation with BAPTA or incubation with calcium channel blockers completely suppressed the effects of simvastatin, suggesting that cytosolic calcium elevation is necessary for inducing leiomyoma cell death. T-type calcium channels, which are a class of low-voltage activated channels, are known to be up-regulated in tumors and are thought to be proproliferative (62). In contrast, the high voltage-activated L-type calcium channels have been shown to contribute to cell death in multiple models by promoting mitochondrial calcium uptake and cytochrome c release ( Fig. 7 ) (63-65). Our results demonstrating that nimodipine potently suppresses simvastatin-induced toxicity (Fig.  6C) suggest that simvastatin increases the activity of L-type calcium channels ( Fig. 7, dashed arrow) . This leads to mitochondrial calcium influx and increased release of proapoptotic factors such as cytochrome c. Interestingly, it has been hypothesized by others that statins can directly increase the expression of L-type calcium channels in vascular smooth muscle cells (66) . In our experimental paradigm, simvastatin did not alter total protein levels of L-or T-type channels. Future work will directly examine the contribution of L-type calcium channels in leiomyoma cell death and potential mechanisms of activation. Specifically, future experiments should study the effects of FIGURE 7 . Schematic cartoon showing the proposed mechanism of simvastatin inhibition of proliferation and induction of calcium-dependent apoptosis in human leiomyoma cells. Proximal effects include inhibition of growth factor signaling. Downstream effects include increased expression of the proapoptotic Bcl-2 family member protein Bim through decreased ERK-mediated degradation. This leads to increased Bim EL activity and mitochondrial leakage of apoptosis-initiating proteins, including cytochrome c. Permeabilization of mitochondria also requires activation of L-type voltage-gated calcium channels and calcium influx into the mitochondria. RTK, receptor tyrosine kinase; CytC, cytochrome c; L-Ca V , L-type voltage-gated calcium channels.
L-type calcium channel blockers on calcium spikes, elevated basal calcium levels, and Rhod-2 fluorescence and better link these changes with simvastatin-induced apoptosis in leiomyoma cells.
We found that simvastatin decreases ERK activation, which may be related to the ability of statins to decrease isoprenylation of certain proteins such as Ras. Therefore, statin-induced leiomyoma cell death may represent an example of "trophic factor deprivation cell death," as demonstrated previously (67) and supported by our findings of decreased ERK activation and increased Bim expression. As mentioned above, multiple growth factors affect the development and growth of uterine fibroids (39) , including insulin-like growth factor I (25, 26) , platelet-derived growth factor (40) , and epidermal growth factor (28) . Increased signaling through the Raf-MEK-ERK pathway can drive tumor growth (68) . In addition, it is known that ERK phosphorylates the proapoptotic BH3-only protein Bim EL which leads to its degradation (41, 69, 70) . Bim EL is a central regulator of cell death induced by trophic factor deprivation (71) and is negatively regulated by ERK activity (41, 69, 70) . Therefore, Bim EL activation after simvastatin treatment is a plausible mechanism for increased mitochondrial calcium, membrane depolarization, cytochrome c release, and cell death ( Fig. 7) . Future studies will determine whether simvastatin inhibits leiomyoma growth in vivo.
